Summary. The glucose disappearance rate measured after IV glucose injection (1 g/kg body wt) remained unchanged between 12 and 21 day of gestation in the rat. In contrast, insulin secretion in response to IV glucose was markedly increased on day 19 and 21 of pregnancy, suggesting resistance to endogenous insulin. Glucose kinetics (glucose production, utilization and clearance) in response to various doses of IV insulin have been studied in anaesthetised postabsorbtive 19 day pregnant and virgin rats using 6-3H glucose. With the supramaximal dose of insulin (4 U/ kg body wt) no differences in glucose kinetics were found between pregnant and virgin rats. In contrast, with the two lower doses of insulin (0.15 and 0.05 U/ kg body wt) glucose production was inhibited by 36 ___ 3% and 13 + 2% (Mean + SEM) respectively in virgin rats, but was not decreased in pregnant rats. When the effect of insulin on glucose clearance was expressed as % of the maximal effect obtained with 4 U/kg body weight, the rise in glucose clearance in response to the two lower doses of insulin (0.15 and 0.05 U/kg body wt) was lower in pregnant (57.5 + 6 and 27.4 ___ 4%) than in virgin rats (73.3 + 6 and 42.2 + 7%). These results suggest that a decreased sensitivity to insulin appears in late pregnancy in the rat and could involve both liver and skeletal muscle.
hyperglycaemic clamp, the maternal tissue sensitivity to endogenous insulin near term was found to be reduced by about 80% [3] . The progressive nature of the development of resistance to exogenous insulin has been established in a longitudinal study of women during different trimesters of pregnancy [4, 5] . However, as only a single dose of insulin was studied, it is not possible to know if women in late pregnancy would require a larger dose of insulin than non-pregnant women to produce a comparable fall in blood glucose. Moreover, for obvious reasons, it has not been possible to determine the tissue(s) responsible for insulin resistance during human pregnancy.
The only animal species in which studies have been done on insulin resistance in pregnancy is the rat. Costrini and Kalkhoff [6] have demonstrated that overnight fasted 21 day pregnant rats showed normal glucose tolerance after IV glucose injection, despite greater insulin secretion than in virgin rats, thus suggesting decreased sensitivity to endogenous insulin. Knopp et al. [7] have reported that 19 day pregnant rats showed a lower hypoglycaemic response than virgin rats to the IV injection of a large dose of insulin (10 U/kg), thus suggesting decreased responsiveness to exogenous insulin.
The aims of the present study were to answer the following questions. 1) At what stage of rat pregnancy does insulin resistance appear? 2) Is resistance to exogenous insulin a dose-related phenomenon? 3) What are the tissues responsible for this insulin resistance in vivo?
During human pregnancy there is a progressive and marked increase in plasma insulin secretion in response to IV glucose administration, but glucose tolerance remains within the normal non-pregnant limits [1, 2] . This suggests that insulin is less effective on the maternal tissues. More recently, using a
Methods

Animals and Diet
Female Wistar rats bred in our laboratory were used. They were housed at 24 ~ with light from 0700h to 1900h. They had free access to water and chow pellets (65% carbohydrate, 11% fat and 24% protein). The average number of fetuses per pregnant rat was 10 and rats with less than 8 fetuses were not included. Virgin female rats age-matched with pregnant rats were used as nonpregnant controls. The stage of pregnancy was determined as described previously [8] .
Intravenous Glucose Tolerance Test
All the tests were performed at 0900h, that is in the fed state since spontaneous food consumption in virgin or pregnant rats stopped at 0700h with the onset of lighting. The rats were anaesthetized with pentobarbitone (30 mg/kg body weight IP) and one carotid artery was catheterised. Body temperature was continuously recorded with a telethermometer (Yellow Spring Instrument, Yellow Spring, Ohio) and maintained at 37~ ~ using heating lamps. A 50g/100 ml glucose solution was injected rapidly into the saphenous vein in a dose of 1 mg/g body weight. Arterial blood samples (100 ~tl) were collected before, and 5, 10, 15, 20, 25 and 30 rain after glucose injection. An aliquot of blood was immediately deproteinized in barium hydroxide (0.083 mol/1) zinc sulphate (0.087 tool/l) for subsequent determination of glucose by a glucose oxidase method [8] . The remaining blood was centrifuged immediately at 4 ~ and the plasma frozen at -20 ~ for subsequent determination of insulin by a radioimmunoassay using rat insulin as standard [8] .
The insulin response during the glucose tolerance tests was calculated as an insulinogenic index (AI/ZXG): the ratio of the increase in plasma insulin concentration (zxI), above the preinjection value, integrated over the 30 min after injection of glucose, to the corresponding increase in glucose concentration (ZxG) over the same period. The rate of glucose disappearance (K) was calculated K = 2.303 (log Gi-log G2) according to the formula: t2-t 1 and was expressed in % min -1. G 1 and G2 represent blood glucose concentrations at times t L and t 2.
Effects of Exogenous Insulin on the Rate of Glucose Production and Utilization and on the Metabolic Clearance Rate of Glucose
These studies were performed at 1400h in rats fasted from 0700h. After 7h of fasting, the difference in glucose concentration between the carotid artery and the portal vein was always positive (+ 0.27 + 0.08 retool/l) both in pregnant and virgin rats, indicating that the gut was using glucose and not adding glucose into the portal circulation from previously ingested food. In these conditions, the rate of glucose production was a measure of endogenous glucose production.
Rats were anaesthetised with pentobarbitone and one carotid artery was catheterised for blood sampling. Radioactive glucose and insulin (Porcine monocomponent insulin, Novo Industri, Copenhagen) were infused or injected through the saphenous vein. The same dose of insulin per kg body weight was injected in both pregnant and virgin rats as it has been shown that after 200 mU/kg IV insulin in 20d pregnant or virgin rats, plasma insulin concentrations were similar in both groups until 15 min after the injection [9] . In our experiments, the most marked changes in glycaemia and glucose kinetics occured in the 15 min after insulin injection both in pregnant and virgin rats. These changes in insulin degradation rate are not likely to affect the results obtained. A priming dose of [6-3H] -glucose (Amersham, Radiochemical Centre, UK) was administered rapidly and followed by continuous tracer infusion at a rate of 4 ~Ci/min. The priming dose was 20-fold greater than the continuous infusion rate/min. In these conditions, plasma specific activity of the [6-3H] -glucose reached a stable plateau at 40 min. The coefficient of variation of glucose specific activity during the final 10 min of the equilibration period was 6.6 + 0.8% (mean _+ SEM). Insulin was injected 50 min after the beginning of the [6-3H]-glucose infusion and blood was sampled every 2 rain thereafter unless otherwise indicated.
Blood samples (50 ~tl) were deproteinized. After centrifugation (16 000 g for 2 min) an aliquot of supernatant was used for glucose determination and a further aliquot was evaporated to dryness at 70 ~ to remove 3H20. The dry residue was dissolved in 0.2 ml water and counted with 10 ml of PCS (Radiochemical Centre Amersham, England) in a liquid scintillation spectrometer (Nuclear Chicago Corp., Des Plalnes, Ill.). In preliminary experiments using [6-3H] -glucose, aliquots of blood barium hydroxide zinc sulphate filtrates were treated as follows: an aliquot was directly evaporated to dryness and another aliquot was passed through a column of ion-exchange resin (Dowex AG1 • 8, formate-form, and Dowex AG 50 • 8, H + form) in order to remove possible 3H containing material (lactate, pyruvate) other than glucose and water. The effluent from the column was then evaporated to dryness. Specific activity of 3H glucose passed through the column was found to be 98 _+ 2% (n = 10) of the specific activity of 3H-glucose not passed through the column. The passage through ionexchange resins was then discontinued.
Rates of endogenous glucose production and utilization were calculated in the steady state before insulin injection by the isotope dilution equation, and during non-steady state conditions by Steele's equations in their derivative form [10] . The time curves for glucose concentration and specific activity were fitted with polynomial functions by the method of least squares. The value of 0.75 (pool fraction) was used to correct for non instantaneous mixing within the entire glucose pool [11] . Glucose space was 25 + 2% of body weight (n = 7) in pregnant rats and 26 + 1% (n = 8) in virgin rats.
The evaluation of the rates of glucose turnover based on primed continuous infusion and the pool fraction technique have been validated for both steady and non-steady states [12] . Glucose clearance was calculated as the ratio of the rate of glucose utilization and blood glucose concentration, and normalized to body weight. Glucose clearance has been used as an index of the ability of tissues to remove glucose from plasma independently of plasma glucose concentration [13] . All calculations were performed on a Hewlett-Packard 97 calculator (Hewlett-Packard Co, Palo Alto, Calif.).
Statistics
Results are expressed as mean + SEM. Because the small sample size used precluded determining the normality of the population distribution, significance was assessed using the Wilcoxon rank order test [14] .
Results
Intravenous Glucose Tolerance Test (IVGTT)
IVGTTs were performed in pregnant rats at 12, 16, 17, 18, 19, 20 and 21 days of gestation. Virgin rats age-matched with pregnant rats were used as controls. There was no significant difference in the disappearance rates of glucose (K value) between pregnant and virgin rats ( Table 1 ). The insulin secretion in response to IV glucose was not different in virgin and pregnant rats on days 12 and 16 of gestation 
Effects of Exogenous Insulin on the Rates of Endogenous Glucose Production and Utilization and on the Metabolic Clearance Rate (MRC) of Glucose in Virgin and 19 Day Pregnant Rats
The effects of various doses of exogenous insulin on the rates of endogenous glucose production and utilization were studied in 19 day pregnant and agematched virgin rats. In preliminary experiments, the ~ maximal lowering effect of exogenous insulin on glycaemia was obtained in both virgin and 19 day pregnant rats at a dose of 1 U/kg body wt injected IV. In order to determine whether insulin resistance occured irrespective of the insulin dose, or whether it was restricted to only low doses, the effects of 3 doses Effects of Insulin at a Dose of 4 U/kg Body Wt. The injection of insulin at a dose of 4 U/kg body wt resulted in a similar decrease in blood glucose concentration in virgin (1.7 + 0.1 mmol/1) and 19 day pregnant (1.5 + 0.2 mmol/1) rats at 20 min (Fig. 2) . At 2 min, endogenous glucose production fell by 25 + 9% in virgin rats (basal value 47 + 2 ~tmol/kg/ min) and by 20 + 7% in pregnant rats (basal value 51 + 2 ~tmol/kg/min (Fig. 2) . Beyond 2 min, endogenous glucose production rose rapidly both in virgin and pregnant rats and reached at 10 to 20 min values which were respectively 39 + 5% and 37 + 6% higher than basal values. Glucose utilization rose markedly within 6 minutes both in virgin (95 + 17%) and pregnant (70 + 6%) rats and then progressively decreased between 6 and 20 min (Fig. 2) . Glucose clearance was higher in the basal state in pregnant rats when compared to virgin rats, 12.4 + 0.6 ml/ min/kg versus 8.1 ___ 0.3 (P < 0.01) (Fig. 2) . The maximal absolute increase in glucose clearance after insulin injection was higher (15 + 1.5 ml/min/kg) in pregnant rats at 8 min than in virgin rats (10.9 + 1.6 ml/min/kg) at 6 min (P < 0.05) (Fig. 3) .
Glucose clearance then remained at these values until 20 min for both groups.
Effects of Insulin at a Dose of 150 mU/kg Body Wt.
The injection of insulin at a dose of 150 mU/kg produced a lesser decrease (P < 0.05) in blood glucose concentration in pregnant (0.5 ___ 0.07 mmol/1) than in virgin (0.99 + 0.17 mmol/1) rats at 10 min (Fig. 4) . At 2 min endogenous glucose production fell by 36 + 7% in virgin rats (basal value 58 + 4 ~tmol/kg/min).; by contrast, there was no significant decrease in pregnant rats (Fig. 4) . Beyond 2 min endogenous glucose production rose rapidly both in virgin and pregnant rats to reach at 14 and 20 min values respectively 34 ___ 7% and 34 + 4% higher than basal rates (Fig. 4) . The maximal rise of glucose utilization was statistically different (P < 0.02) in pregnant, 33 ___ 4% at 8 min, compared to virgin rats, 50 + 5% at 6-8 min. Glucose clearance rose by 8.4 + 1.0 ml/min/kg in pregnant rats at 10 rain and by 8.0 + 1.0 ml/min/kg in virgin rats at 10 min (Fig. 3) . When the effect of insulin on glucose clearance was expressed as % of the maximal effect obtained at 4 U/kg body weight, the maximal rise was 57.5 + 6% at 10 min in pregnant rats and 73.3 _+ 6% at 10 min in virgin rats (Fig. 3) . This difference was statistically significant (P < 0.05).
Effects of Insulin at a Dose of 50 mU/kg Body Wt.
The injection of insulin at a dose of 50 mU/kg produced in 8-10 min a lower decrease (P < 0.01) in blood glucose concentration in pregnant (0.24 + (Fig. 5) . At 2 min, endogenous glucose production fell by 13 ___ 4% in virgin rats (basal value 55 + 1 ~tmol/kg/min). By contrast, there was no significant decrease in pregnant rats (Fig. 5) . Endogenous glucose production then rose rapidly both in virgin and pregnant rats to reach at 14 minutes values 40 + 5% and 39 + 8% higher than basal rates respectively. The maximum increase of glucose utilization was reached at 8 min in both groups and was similar, 30 + 7% in virgin versus 24 + 4% in pregnant rats (Fig. 5) . Thereafter it returned to basal values at 16 min. Glucose clearance rose by 4.0 + 0.5 ml/min/ kg in pregnant rats at 8 min and by 4.6 + 0.9 ml/min/ kg in virgin rats at 8 min (Fig. 3) . The maximal rise in glucose clearance when expressed as percent of maximal insulin effect was 27.4 + 4% at 8 min in pregnant rats and 42.2 + 7% at 8min in virgin rats (Fig. 3) . This difference was statistically significant (P < 0.05).
Discussion
Intravenous Glucose Tolerance
Our studies show that the rates of glucose disappearance after IV glucose injection (K value) do not change in the last half of pregnancy in the rat and are identical to non-pregnant controls. The K value found in anaesthetized virgin rats 4.8 _+ 0.2% min -I was higher than the K value found in unanaesthetized unstressed rats : 3.0 _+ 0.3% min -1 [15] and much higher than the K value measured in unanaesthetized stressed rats 2.2 + 0.2% min -~ [15] . This suggests that anaesthesia did not grossly modify glucose tolerance in our experiments. Our data show that enhanced insulin secretion is required after day 16 of pregnancy to allow normal glucose utilization after IV glucose injection. This confirms previous studies [6] and demonstrates that resistance to endogenous insulin develops between day 16 and 19 of pregnancy in the rat and then decreases slightly at term (21 days).
Modifications of glucose metabolism during pregnancy in the rat bear comparison with changes observed in women. A progressive increase in insulinogenic response to IV glucose has been observed in pregnant women as term approaches, while the K value is not very different from the value measured in non-pregnant women [1.2] .
Effects of Exogenous Insulin on Blood Glucose Levels
Earlier work has shown that large doses of insulin (10 U/kg body wt) produced a smaller decrease of blood glucose in pregnant than in virgin rats [7] . This is not in agreement with the present studies. When insulin was injected at a relatively large dose (4 U/kg body wt), the hypoglycaemic effect was the same in pregnant and in virgin rats (Fig. 2) . However, when low doses of exogenous insulin were used (50 or 150 mU/kg body wt) a smaller hypoglycaemic effect was observed in pregnant than in virgin rats. The discrepancy between our results and those previously published [7] using large dose of insulin could result from differences in experimental protocols. We used anaesthetized rats, but it has been shown that glucose tolerance is not grossly modified in these conditions (see preceding paragraphs). In contrast, other authors used unanaesthetized rats which were probably stressed by the sampling procedure used (collection of blood after cutting the tail tip), and a mild stress in unanaesthetized rats has been shown to produce a decrease in glucose tolerance [15] . Moreover, the particular sensitivity of the adrenal glands of pregnant rats to stressful situations [16, 17] could have decreased glucose tolerance more efficiently in pregnant than in virgin rats.
In any case, these studies lead to different conclusions. The study of Knopp et al. [7] showed that a large dose of insulin was unable to produce a quantitatively normal fall of blood glucose in pregnant rats. This suggests that there is a decreased responsiveness to insulin during pregnancy according to the classification proposed by Kahn [18] . In contrast our studies show that relatively low doses of insulin produce a smaller fall in glycaemia during pregnancy but that a large dose of insulin produces a normal hypoglycaemic response in pregnant rats. This suggests decreased sensitivity to insulin as the mechanism responsible for insulin resistance during pregnancy. The fact that a normal glucose disappearance is achieved in late gestation by a compensatory increase in insulin secretion fits well with this conclusion.
In our studies, the smaller blood glucose lowering capacity of the 2 low doses of exogenously injected insulin in pregnant rats could result from several factors: 1) the presence of the fetuses which represent a mass of tissue not affected by insulin injected to the mother, but which could decrease their glucose utilization during maternal hypoglycaemia; 2) a more rapid and efficient secretion of counterregulatory hormones preventing hypoglycaemia because of a more marked stimulation of glucose production; 3) a decreased sensitivity of liver or peripheral tissues (muscle, adipose tissue) to the exogenously administered insulin. To answer these questions, it was necessary to study the changes in glucose kinetics in response to administered insulin.
Effects of Exogenous Insulin on Glucose Kinetics
The glucose kinetics observed after insulin injection in virgin rats are in agreement with the data obtained previously by Sacca et al. [11] in the adult male rat injected with a dose of insulin of 150 mU/kg body wt.
After injection of the highest dose of insulin (4 U/kg body wt), the rate of glucose production and utilization were modified in a similar fashion in pregnant and in virgin rats. This suggests that insulin resistance of pregnancy is not related to decreased responsiveness since it can be overcome by using a large dose of insulin. If resistance to exogenously administered insulin was only the result of a decreased fetal glucose utilization secondary to hypoglycaemia, it would be expected that this effect would be predominant with the greatest hypoglycaemia that is after injection of the highest dose of insulin. Since this was not the case, possible decrease in fetal glucose utilization can be rejected as a factor contributing to insulin resistance.
The pregnant rats are characterized by the absence of a rapid decrease in endogenous glucose production after injection of low doses of insulin (Figs. 4  and 5 ). This could be due to a very rapid hormonal counterregulation or to a decreased sensitivity of the liver to insulin as this organ is responsible for 80% of endogenous glucose production during the postabsorptive period [19] . As a rapid decrease in endogenous glucose production occurs in pregnant rats after the high dose of insulin and as maximal counterregulation could be expected in such a situation, decreased liver sensitivity to insulin seems more likely. This decreased sensitivity of liver to insulin during late pregnancy could involve a decrease in hepatic insulin receptors [20] , although other investigators have found no change [21] or an increase [22] in insulin binding to liver membranes in pregnant rats.
Glucose clearance is a more useful index of the ability of tissues to remove glucose from plasma since it is independent of changes in blood glucose concentration [13] . Glucose clearance in the basal state was 40% higher per unit of body weight in pregnant than in virgin rats. Calculations from data published in the literature [23, 24] show that the same is true in sheep (glucose clearance in twin-pregnant sheep is 3.9 versus 2.4 ml/min/kg in non pregnant, a 62% increase) and in women (4.2 ml/min/kg in pregnant women, vs 3.1 in nonpregnant, a 35% increase). This indicates the presence of a site of high glucose utilization in the pregnant organism, which could be the conceptus. Indeed glucose utilization in fetal sheep at term is 4.8 mg/min/kg [25] a figure much higher than glucose utilization in adult sheep: 1.5 mg/min/kg [23] .
The absolute increase in glucose clearance in response to the supramaximal dose of insulin (4 U/kg body weight) was higher in pregnant than in virgin rats. This could result from the larger mass of insulindependent tissues (muscles, adipose tissue, mammary gland, placenta) which are present in late pregnancy [26, 27] . However, when it was expressed in % of the maximal effect, the increase in glucose clearance in response to the 2 lower doses of insulin was lower in pregnant than in virgin rats. This suggests that there is a decrease in glucose utilization in peripheral tissues of the pregnant rats. As skeletal muscles represent 40% of body weight in the rat and contribute to the disposal of 35% of an IV administered glucose load in the rat [28] , they probably contribute to the observed insulin resistance. Recently, it has been reported that insulin binding to soleus muscle was decreased by 50% in pregnant rats and this was accompanied by a 50% lower insulin-stimulated 2-deoxyglucose uptake [21] . Moreover, the stimulation of glucose uptake by insulin in perfused hindlimb is 40-50% lower in pregnant than in non-pregnant rats [29] . These data clearly show that skeletal muscle participates in insulin resistance during pregnancy in the rat. Adipose tissue is another insulin-dependant tissue which contributes to 5-10% of the disposal of an IV administered glucose load in the rat [28] . In vitro studies indicate that insulin promotes greater uptake [30] and metabolism [31] of glucose in adipose tissue of pregnant than in virgin rats. More recently, an increased number of insulin receptors have been found in adipose tissue of pregnant rats [32] . These data exclude adipose tissue as the site of insulin resistance in pregnancy.
In summary, these studies provide an answer to the three major questions addressed in the introduction. First, insulin resistance develops between day 16 and 19 of pregnancy in the rat. Second, one may consider insulin resistance in pregnancy as a state of decreased sensitivity to insulin; indeed at the level of the whole organism, a quantitatively normal response to insulin can be achieved when greater than normal amounts of insulin are present. Third, insulin resistance in pregnancy involves both glucose-producing and glucose-utilizing tissues.
